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(g) System for stabilizing the shapes of optical elements, exposure apparatus using this system and 
method of manufacturing semiconductor devices. 



(57) A temperature distribution of an object, such 
as an optical element (2), onto which radiation 
energy (1) is irradiated, is measured. The 
change of the shape of the object is controlled 
by varying the temperature of a part of the 
object on the basis of the measured tempera- 
ture distribution to stabilize the shape of the 
object. Also, the shape of the object being 
irradiated is stabilized by causing the same 
temperature distribution in the object when in 
the thermally stable condition to be generated 
in the object while it is being irradiated. If the 
shapes of masks used to manufacture semicon- 
ductor devices are stabilized by using the above 
methods, highly integrated semiconductor de- 
vices can be manufactured. 
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BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a method of sta- 5 
bilizing shapes of optical elements and an optical ap- 
paratus employing the same. More particularly, the 
present invention relates to a method of stabilizing 
shapes of optical elements which prevents shape 
changes caused by local temperature changes and 10 
which is intended for use with synchrotron radiation 
light or high-intensity light beams which are widely 
used for physics and chemistry research, analysis ap- 
paratuses, manufacturing apparatuses or the like, 
and to an optical apparatus employing the same. . 15 

Description of the Related Art 

In recent years, a light source which emits syn- . 
chrotron radiation (SR) light or high-intensity light 20 
beams, such as exclmer laser beams, has been de- 
veloped. Optical apparatuses using such a light 
source for physics and chemistry research, analysis 
apparatuses, manufacturing apparatuses or the like- 
have lately attracted attention, and a lot of research 25 
and development of these apparatuses has been per- 
formed. 

Generally, optical apparatuses require various 
types of optical elements for the purposes of reflec- 
tion, transmission, light condensation, diffraction, 30 
spectrophotometry, polarization, image formation or 
the like. Since the intensity of light beams used is high 
in these optical apparatuses, which use, in particular, 
a high-intensity light source, phenomena such as de- 
formation, performance deterioration, irradiation 35 
damage, or destruction of optical elements occur. 

An example of such high intensity light beams 
concerns the SR light technology field, where the ra- 
diation power from a light source has recently 
r ached the order of kilowatts as the result of ad- 40 
vancements made in the technology regarding what 
is commonly called insertion type light sources, such 
as multi-pole wigglers or undulators. 

Radiation ranging from X-rays to electromagnetic 
waves in vacuum ultraviolet rays are often used re- 45 
garding radiation lengths from a light source. To pre- 
vent attenuation in the atmosphere, in most cases, 
the optical elements are installed in a vacuum vessel 
or a vacuum beam line. As a result, heat radiation by 
conduction or convection to the atmosphere does not so 
occur in optical elements placed in a vacuum. Thus, 
there is a tendency for the temperature of optical ele- . 
ments to increase much more than when they ar 
placed in the atmosphere. 

To be specific, in a semiconductor exposure ap- 55 
paratus which uses synchrotron radiation light or 
high-intensity illumination light from an excimer laser 
or the like, heat strain caused by temperature 



changes or temperature distribution changes of mir- 
rors or lenses which reflect, converge,.and enlarg il- 
lumination light, or caused by reticles or masks, be- 
comes a major obstacle to the improvement of accu- 
racy of the semiconductor exposure apparatus. In 
particular, when electromagnetic waves, such as syn- 
chrotron radiation light or vacuum ultraviolet rays, are 
used, optical systems, such as mirrors or lenses, and 
masks are generally placed in a vacuum chamber or 
a pressure reduction chamber in order to prevent the 
attenuation of the energy of illumination light. If mem- 
bers to be illuminated, such as mirrors, lens, or 
masks, are heated by illumination light, the tempera- 
ture increases considerably because there is hardly 
any conduction by atmosphere gas or heat radiation 
by convection. Heat strain caused by temperature 
changes or changes in temperature distribution con- 
siderably changes the distribution of intensity of illu- 
mination light, causing exposure irregularities. 

For this reason, various methods for cooling the 
above-mentioned members to be illuminated by using 
a water cooling jacket or the like have been devel- 
oped. An example thereof is described in "Rev. Sci. 
Instrum. 60, 1493 (1989), T.Oversluizen, et al.\ 

However, in an optical apparatus using a light 
source which emits high- intensity light beams, even if 
optical elements are cooled, the temperature of the 
surfaces of the optical elements continues to vary 
usually by several to several tens of degrees. As a re- 
sult, the shapes of the optical elements slightly 
change their forms, and there are some cases in 
which the optical performance of the optical appara- 
tuses deteriorates. 

For example, in a projection exposure apparatus 
for transferring fine patterns for use in the manufac- 
turing of semiconductor devices, it is required that 
temperature variations of optical elements, such as 
mirrors, be controlled to approximately 1/100°C. 
However, in the prior art, the cooling of optical ele- 
ments alone is not sufficient to control the tempera- 
ture variations of the optical elements to approxi- 
mately 1/100°C. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a 
method and apparatus which is capable of effectively 
correcting temperature variations of optical elements 
when a light source which emits high-intensity light 
beams is used, preventing the deformation of optical 
elements due to heat strain, and easily preventing th 
deterioration of optical performance. 

Another object of the present invention is to pro- 
vide a method of manufacturing highly integrated 
semiconductor devices. 

In accordance with one aspect of the invention, 
a method of stabilizing shapes of objects comprises 
the steps of measuring a temperature distribution of 
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an object being irradiated with radiation energy, and 
causing the t mperature of a part of-the object to -be 
changed on the basis of the measurement to control 
the change of the shape of the object 

In accordance with another aspect of the inven- 5 
tion, a method of stabilizing shapes of objects com- 
prises the steps of determining a temperature distrib- 
ution of a mask in a thermally stable state, and con- 
trolling the temperature distribution of the mask being 
irradiated with radiation energy to be the same as the 10 
temperature distribution in the thermally stable state. 

In accordance with still another aspect of the in- 
vention, an optical apparatus comprises an optical 
element, means for irradiating the optical element 
with radiation energy, measuring means for measur- 15 
ing the temperature distribution of the irradiated opt- 
ical element, and temperature control means for 
changing the temperature of a part of the optical ele- 
ment based on a measurement by the measuring 

means. 20 

In accordance with another aspect of the inven- 
tion, an exposure apparatus comprises transfer 
means for exposing and transferring an exposure pat- 
tern to an object to be exposed by irradiating expos- 
ure energy onto a mask having an exposure pattern 25 
formed thereon, measuring means for measuring the 
temperature distribution of the mask, and tempera- 
ture control means for changing the temperature of 
part of the mask on the basis of the measurement by 
the measuring means. 30 

In accordance with yet another aspect of the in- 
vention, a method of manufacturing semiconductor 
devices and semiconductor devices made by the 
steps of preparing a reflection type mask having a cir- 
cuit pattern formed thereon, measuring the tempera- 35 
ture distribution of the mask, changing the tempera- 
ture to obtain a substantially uniform temperature dis- 
tribution of the mask, and exposing and transferring 
a circuit pattern of the mask onto a wafer by irradiat- 
ing the mask with exposure energy. 40 

In accordance with another aspect of the inven- 
tion, a method of manufacturing semiconductor de- 
vices and semiconductor devices made by the steps 
of preparing a reflection type mask having a circuit 
pattern formed thereon, determining a temperature 45 
distribution of the mask in a thermally stable state 
when the mask is being irradiated before the mask is 
irradiated with exposure energy, and exposing and 
transferring a circuit pattern of the mask onto a wafer 
by irradiating the mask with exposure energy. so 

Objectives and advantages in addition to those 
discussed above shall be apparent to those skilled in 
the art from the description of the preferred embodi- 
ments of the invention which follow. In the descrip- 
tion, reference is made to the accompanying draw- 55 
ings, which form a part hereof, and which illustrate ex- 
amples of the invention. Such examples, however, 
are not exhaustive of the various embodiments of the 



invention, and therefore reference is made to the ap- 
pended claims for determining the scope.of the invent — 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic view illustrating an essential 
portion of a first embodiment of the present in- 
vention; 

Fig. 2 is a graph showing the surface temperature 
distribution of an optical element shown in Fig. 1; 
Fig. 3 is a schematic view illustrating an essential 
portion of a second embodiment of the present 
invention; 

Fig. 4 is a graph showing the surface temperature 
distribution of a reflection type mask shown in 
Fig. 3; 

Fig. 5 is a schematic view illustrating a third em- 
bodiment of the present invention; 
Fig. 6 is a graph showing the temperature distrib- 
ution of the reflection surface of a mirror; 
Fig. 7 is a graph showing an X-ray intensity dis- 
tribution on a wafer, 

Fig. 8 is a schematic view illustrating a fourth em- 
bodiment of the present invention; 
Fig. 9 is a schematic view illustrating a fifth em- 
bodiment of the present invention; 
Fig. 10 is a flowchart showing the sequence of 
manufacturing semiconductor devices; and 
Fig. 11 is a detailed flowchart showing the se- 
quence of a wafer process. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

(First Embodiment) 

Fig t 1 is a schematic view illustrating an essential 
portion of one part of the first embodiment in which 
the present invention is applied to an optical appara- 
tus which is intended for use with synchrotron radia- 
tion light. 

Each of the elements shown in block outline in 
Figure 1 , as well as in the other figures, is well known 
per se, and a specif ic type of construction is not crit- 
ical to carrying out the invention or to a disclosure of 
the best mode for carrying out the invention. 

In this figure, reference numeral 1 denotes syn- 
chrotron radiation light; reference numeral 2 denotes 
an optical element which is formed of a light condens- 
ing mirror, on the surface of which multilayer films for 
reflecting soft X-rays are formed after, polishing a sik 
icon carbide (SiC) member into net form and which re- 
flects the synchrotron radiation light 1 and condenses 
it into a point. Reference numeral 3 denotes a holder 
for holding the light condensing mirror; reference nu- 
meral 4 denotes temperature distribution measuring 
means which is formed of an infrared camera using in- 
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dium antimonide (InSb) or the like, as a sensor. 

Reference numeral 5 denotes heating means 
having an infrared lamp 5a and a light condensing 
plate (a concave mirror) 5b. The heating means 5 
controls the temperature distribution of. the optical s 
element from the top surface of the optical element 
2. The light condensing plate 5b increases the direc- 
tivity of infrared rays emitted from the infrared lamp 
5a. 

Reference numeral 7 denotes another heating 10 
means having a heat generating portion 7a in which 
resistance wires are arranged in a net form and a 
drive portion 7b for driving the heat generating por- 
tion 7a, which heating means controls the tempera- 
ture distribution of the optical element from the bot- 15 
torn surface of the optical element 2; reference nu- 
meral 8 denotes a thermocouple employed as a tem- 
perature distribution measuring means which meas- 
ures the temperature distribution of the bottom sur- , 
face of the optical element 2; reference numeral 9 de- 20 
notes control means which controls the two heating 
means 5 and 7 on the basis of signals from the two 
temperature distribution measuring means 4 and 8 so 
that the temperature distribution of the optical ele- 
ment 2 is uniform and the optical element stable with- 25 
but being deformed; and reference numeral 10 de- 
notes a plurality of refrigerant flow passages buried in 
the light condensing mirror, which passages function 
as coolers of the light condensing mirror. 

In this embodiment, the shape, of a cross-section 30. 
of a beam perpendicular to the radiation light 1 at the 
position where the radiation light 1 is incident to the 
light condensing mirror 2 is approximately 80 x 8 mm. 
The radiation light 1 is incident to the light condensing 
mirror 2 at a visual angle of 10° (an incident angle of 35 
80°). The power of the incident light was determined 
to be approximately 120W when observing an in- 
crease in the temperature of a copper block when the 
light was irradiated onto it for a f ixed amount of time. 
The radiation light 1 is obliquely incident to the optical 40 

I ment 2, causing the irradiation area on the optical 
element 2 to be larger. In this embodiment, the heat 
load density is approximately 33 mW/mm 2 . 

The length of the optical element 2 is 200 mm in 
the dimension parallel to the incidence of the radia- 45 
tion light 1 and 100 mm in the direction substantially 
perpendicular thereto. When the temperature distrib- 
ution of the surface of the optical element 2 is meas- 
ured by the infrared camera 4, it is found that the tem- 
perature distribution is as indicated by curve "a* in so 
Fig. 2 in the longitudinal direction on the optical* ele- 
ment 2, and a substantially uniform temperature dis- 
tribution in the direction perpendicular thereto. 

At this time, the size of a spot at a focus position 
at which the light 1 reflected from the optical element 55 
2 is converged is approximately 7 mm in diameter 
when it is evaluated by a photosensitive film method. 

Next, the heating means 5 having a long type in- 



frared lamp 5a is placed at the position shown in Fig. 

1 . The heating means 5 is heated so that the temper- 
ature on the surface of the optical element 2 becomes 
as uniform as possible by adjusting the infrared con- 
densing plate 5b and the irradiation power. After this 
adjustment, the temperature distribution on the sur- 
face of the optical element 2 becomes a substantially 
uniform temperature distribution of 35° as indicated 
by curve "b" in Fig. 2. The diameter of the spot of the 
reflected light beam at the focus position of the radi- 
ation light 1 is approximately 4 mm. 

Next, electric current is supplied to the heating 
means 7 on the bottom surface of the optical element 

2. The amount of electric current supplied to the heat- 
ing means 7 is adjusted by the control section 9 while 
the temperature of the bottom surface of the optical 
element 2 is controlled by using the thermocouple 7a. 
At this time, the temperatures on the top and bottom 
surfaces of the optical element 2 are approximately 
40°. Under these conditions, the diameter of the spot 
of the reflected beam at the focus position of the opt- 
ical element 2 is approximately 2 mm. Light condens- 
ing performance almost equivalent to that designed 
was obtained. ... 

As described above, the temperature distribution 
of the optical element 2 in this embodiment is prop- 
erly controlled, thus easily obtaining excellent optical 
performance while preventing the optical element 
from changing shape. Even though the optical ele- 
ment of this embodiment is illustrated with a light con- 
densing mirror (a concave mirror), other optical ele- 
ments applicable to the present invention may be 
used including lenses, reflection mirrors, beam split- 
ters, polarization plates, spectrocrystals, diffraction 
gratings, optical filters, etalon, multilayer film mirrors, 
masks for exposure apparatuses, reticles, etc. Any of 
the above optical elements can be used for optical ap- 
paratuses, used with a high-intensity light source, 
such as SR light or excimer lasers. 

One or two-dimensional infrared sensor arrays, 
in addition to infrared cameras, can be used for tem- 
perature distribution measuring means for optical ele- 
ments. Also, in a case where a thermocouple or a 
temperature measuring element such as a platinum 
resistor, can be buried within the optical element or 
attached to the top or bottom surface thereof, a plur- 
ality of these temperature measuring elements may 
be disposed. This is a preferable arrangement be- 
cause the temperature distribution of an optical ele- 
ment can be determined satisfactorily. 

Regarding the infrared lamp used as a means for 
heating optical elements, th shape of the lamp is se- 
lected according to the shape of the temperature dis- 
tribution of the optical element Also, a part of the opt- 
ical element can be heated efficiently by using a light 
condensing mirror, an aperture or the like. The irra- 
diation wavelength of the infrared lamp should prefer- 
ably be selected in such a way that it does not match 
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the wavelength of the light used in the optical appa- 
ratus, because the incidence of unwanted light can be 
prevented. The direction of the irradiation is selected 
so that it does not disturb the optical system of the 
optical apparatus, thus preventing the deterioration 
of the optical performance. 

In a case in which heating elements, such as 
heating wires, can be buried within the optical ele- 
ment or attached to the top or bottom surface thereof, 
a plurality of heating elements may be disposed in a 
predetermined portion of the optical element. This is 
a preferable arrangement because portions of the 
optical element can be heated independently and the 
temperature distribution uniformly controlled. 

When light is irradiated onto an optical element in 
this embodiment, first the temperature distribution of 
the optical element is measured by using the temper- 
ature distribution measuring means. Next, a predeter- 
mined part of the optical element is heated by using 
heating means so that the temperature distribution 
becomes uniform and the change of the shape of the 
optical element due to heat strain is minimized. Re- 
garding the amount of heating, temperature distribu- 
tion is measured repeatedly and data is analyzed by 
the control means and fed back to the heating means 
in order to properly adjust the heating. 

When the temperature distribution data from the 
control means is fed back to the heating means, de- 
formation of the optical element due to uneven tem- 
perature distribution may be calculated by calculating 
means, such as a finite element method, in order to 
determine a heating method by which the optical ele- 
ment attains an optimum shape, and the amount of 
deformation may be fed back to the heating means. 

In particular, in a reflection type optical element, 
heat flows in from the top surface thereof by the ir- 
radiation of light from a light source, causing an un- 
even temperature distribution with the bottom sur- 
face of the optical element For this reason, it is dif- 
ficult to eliminate deformation of the optical element 
by merely making the temperature distribution of the 
top surface of t he optical element uniform. According- 
ly, it is desirable that heating means in the present in- 
vention be provided on both the top and bottom sur- 
faces of the reflection type optical element as descri- 
bed above. This provision enables the temperature 
distribution on the optical element to be more uniform 
and to reduce the deformation of the optical element. 

Although the temperature distribution of the opt- 
ical element in this embodiment is made uniform by 
primarily using heating means, cooling means may 
also be used. In Fig. 1 , the temperature distribution. of 
the optical element is made uniform by controlling the 
flow rate and/or temperature of a refrigerant which is 
fed into the independent refrigerant passages 10-a to 
10-e buried within the optical element. 

The optical element can be partially cooled by 
burying or attaching a plurality of cooling elements 



which utilize the Peltier effect in the optical element. 
Since the Peltier element can directly and electrically 
control the amount of cooling, it is effective for making 
the temperature distribution uniform by feeding back 

5 signals from an infrared camera and is a highly re- 
sponsive cooling means. 

By using the above-mentioned heating and cool- 
ing means together, finer temperature control can be 
achieved, and temperature distribution can be made 

10 more uniform. 

(Second Embodiment) 

Fig. 3 is a schematic view of the second embodi- 
15 ment of the present invention which is applied to a re- 
duction projection exposure apparatus for manufac- 
turing semiconductor devices which uses a laser plas- 
ma X-ray source as a light source. 

Reference numeral 1 1 denotes an excimer laser. 
20 A light beam 11a from the excimer laser 11 is con- 
densed by a lens 12 and irradiated onto a target 13 
made of a samarium (Sm) material. This irradiation 
causes a laser plasma X-ray 14 to be generated from 
the target 13. The X-ray 14 generated from the target 
25 1 3 is passed through a f Bter 1 5 made of beryllium and 
an aperture 16 and is irradiated onto a reflection type 
mask 17 serving as an optical element. The X-rays re- 
flected by the reflection type mask 17 are reflected 
by a demagnif ication mirror 19 and formed into an im- 
30 age of the mask 1 7 on a wafer position 20. Reference 
numeral 18 denotes a holder which holds the reflec- 
tion type mask 1 7 and also cools it; reference numeral 
21 denotes heating means, having platinum resis- 
tance wires deposited in a ring belt form on the sur- 
35 face of the reflection type mask 17, which heats the 
surface of the mask 17; reference numeral 22 de- 
notes an infrared camera; reference numeral 23 de- 
notes another heating means which heats the re- 
verse surface of the reflection type mask 17; and r f- 
40 erence numeral 24 denotes control means which con- 
trols heating means 23 based on a signal from in- 
frared camera 22. 

A soft X-ray reflection pattern having a multilayer 
film coated thereon by the method proposed in Jap- 
45 anese Patent Laid-Open No. 1-175731 is formed on 
the surface of the reflection type mask 17 in this em- 
bodiment. The shape of the surface is changed to a 
curved shape to minimize optical aberration. A de- 
magnification optical system using a plurality of mir- 
50 rors may also be used for the demagnif ication mirror 
19. The surface of the demagnif ication mirror 19 is 
coated with a muitilayered film so that radiation hav- 
ing the same wavelength as soft X-rays refl cted by 
the reflection type mask 1 7 are reflected. The demag- 
55 nification factor of the demagnification mirror 19 is 
1/5. In this embodiment, soft X-rays having a central 
wavelength of 1 30A of X-rays of various wavelengths 
generated from th laser plasma X-ray source are 
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used. 

X-rays are generated from the samarium target 
13 by setting the excimer laser energy to be 50 mJ- 
/pulse and the repetition frequency to be 300 Hz, and 
irradiated onto the surface of the reflection type mask 
17. The curve c in Fig. 4 indicates the temperature 
distribution on the surface of the mask measured at 
this time by an infrared camera 22. As shown in Fig. 
4, the temperature distribution is almost symmetrical, 
and it can be noted that the temperature in the central 
portion of the mask is 1.2°C greater than in the per- 
ipheral portion. 

When the image of the mask is formed on the wa- 
fer on which a resist is applied at the wafer position 
20 or thereabout and evaluated at this time, there is 
an aberration of approximately 10 u.m on the focal 
plane, and there is also a maximum image distortion 
of 0.01%. 

Next, when electric current is supplied to the pla- . 
tinum resistance wires 21 on the reflection type mask 
17 and to a heater 23a of the heating means 23 on the 
bottom of the mask T7, and when the amount of heat- 
ing is adjusted while being monitored by the infrared 
camera 22, the substantially uniform temperature dis- 
tribution indicated by the curve "d M in Fig. 4 is ob- 
tained. When the image formed condition is evaluat- 
ed at this time by the same method as described 
above, there is an aberration of less than 2 urn on the 
focal plane, and there is also an image distortion of 
I ss than 0.002%. 

According to the embodiment described above, a 
method of stabilizing shapes of optical elements pro- 
vides excellent advantages such that the amount that 
the shape of an optical element changes due to a non- 
uniform temperature increase is minimized and the 
deterioration of the optical performance of the optical 
lement and the entire optical system is prevented. In 
addition, an optical apparatus using this method, can 
be achieved by providing temperature distribution 
measuring means and heating means for optical ele- 
ments and by making the temperature distribution 
uniform during the light irradiation onto the optical 
element 

The present invention can be effectively applied 
to an optical apparatus having a high-intensity light 
source, such as a synchrotron radiation light source 
or a laser plasma X-ray source, the technology of 
which has been lately remarkably developed, and 
features that destruction of optical elements due to 
heat strain can be effectively prevented. 

(Third Embodiment) 

Fig. 5 is a schematic view illustrating the third 
embodiment A convex mirror 101, which is a member 
of an X-ray exposure apparatus to be illuminated, is 
support d by a mirror holder 102 having a plurality of 
refrigerant flow passages 102a with its reflection sur- 



face facing downward. Synchrotron radiation light 
(hereinafter referred to as "X-rays ") radiated from a 
light emitting point (not shown) of a charged particle 
storage ring (hereinafter referred to as an "SOR ring") 
5 is reflected and expanded by the reflection surface of 
convex mirror 101. The expanded X-rays expose a 
perpendicularly held wafer 104. Since the exposure 
time control shutter for adjusting the exposure 
amount of the wafer 104 and masks are well known, 
10 an illustration of them is omitted in Fig. 5. 

The temperature distribution on the mirror 101 is 
detected by a measuring means, such as an infrared 
camera 105. The detected value is corrected by a 
thermocouple 106 mounted on a portion where X- 
15 rays from the reflection surface of the mirror 1 01 are 
not incident. A temperature control apparatus for con- 
trolling the temperature distribution on the reflection 
surface of the mirror 101 comprises heating means, 
such as an infrared heater 1 07, a reflection plate 107a 
20 and a temperature control means, such as an aper- 
ture 108. The aperture 108 partially reduces or shuts 
off heat radiated from an infrared heater 107 by 
means of an adjustable opening and an infrared ab- 
sorbing filter (not shown) disposed in the opening. 
25 The above opehinjg and infrared absorbing filter are 
controlled on the basis of the values detected by the 
infrared camera 105 and the thermocouple 106. A 
predetermined temperature distribution is generated 
on the reflection surface of the mirror 101 by control- 
30 ling the distribution of heat which reabhes the reflec- 
tion surface of the mirror 101 from the infrared heater 
107. Acontrol circuit 109 controls the output of the in- 
frared heater 107 on the basis of the output from the 
infrared camera 105 and the thermocouple 106. 
35 Next, an explanation will be given about an ex- 

periment carried out using the apparatus shown in 
Fig. 5. 

X-rays radiated from an SOR ring having an ac- 
cumulated current of 215 mA entered the reflection 

40 surface of a mirror having a curvature of 50 m at an 
incident angle of 2°. After a lapse of approximately 
one hour from the start of irradiation, the results of 
the temperature distribution on the reflection surface 
of the mirror and the distribution of the intensity of X- 

45 rays enlarged by the reflection surface and measured 
at the position of the wafer 104 are respectively 
shown by the solid line curve "a" in Fig. 6, and by the 
curve "c" in Fig. 7. The average energy absorbed by 
the mirror at this time was 50 mW/mm 2 . 

so Next, the irradiation of X-rays was stopped and 

the mirror returned to room temperature. After the 
. opening of the aperture and the infrared absorbing fil- 
ter were adjusted on the basis of the curve "a" in Fig. 
6, the reflection surface of the mirror was heated by 

55 the infrared heater. After it was confirmed that the 
temperature distribution on the reflection surface 
thereof was thermally stable matching the curve "a" 
in Fig. 6, the irradiation of X-rays was restarted, at the 

6 
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same time the heating by the infrared heater was 
stopped.lmmediately af ter.this, the temperature dis-_ 
tribution on the reflection surface of the mirror and 
the intensity distribution of X-rays were measured 
again. The measured result of the temperature distrib- 
ution are shown by the dashed-line curve "b" in Fig. 
6. The results of measuring the intensity distribution 
of X-rays was substantially in agreement with the 
curve "c" in Fig. 7. At this time, the accumulated cur- 
rent of the SOR ring was 207 mAand the average en- 
ergy absorbed by the mirror was 48 mW/mm 2 . 

As can be understood from the above-described 
experiment, if the temperature distribution on the mir- 
ror's reflection surface reached the thermally stable 
state described above, a predetermined X-ray inten- 
sity distribution can be obtained without requiring a 
long standby time for thermal adjustment 

If X-ray exposure is continued, the X-ray intensity 
is lowered on the whole by the attenuation of the ac-. 
cumulated current of the SOR ring. However, in this 
embodiment, a decrease in temperature of the mir- 
ror's reflection surface is detected by continually 
monitoring the temperature on the surface by using 
an infrared camera and a thermocouple during X-ray ; 
exposure. Deformations of the reflection surface due 
to heat strain is prevented by adding heat from the in- 
frared heater by means of the control circuit. 

When X-ray intensity is lowered on the whole, all 
that is necessary is to increase the output of the in- 
frared heater because the curved shape of the tem- 
perature distribution hardly changes though the over- 
all temperature on the reflection surface of the mirror 
is lowered. 

In this embodiment, the heating and cooling 
means can be used together in the same manner as 
in the f irst embodiment. This can be achieved by con- 
trolling the flow rate and temperature of each refrig- 
erant in a plurality of refrigerant flow passages 102a. 



apparatus for controlling the temperature distribution 

on the photosensitive surface of the mask 122 com- 

prises an apparatus (not shown) for detecting the 
temperature distribution of a temperature detecting 

5 device, such as an infrared camera, heating means, 
such as a pair of infrared heaters 124 and 125, reflect- 
ing plates 124a and 125a disposed in the infrared 
heaters 124 and 125, respectively, and temperature 
control means, such as apertures 124b and 125b, or 

10 shutters 124c and 125c. Both the apertures 124b and 
125b are the same as those in the first embodiment. 
They are controlled by the output of a temperature de- 
tecting device, such as the aforesaid infrared camera, 
and cause a predetermined temperature distribution 

15 to be generated on the photosensitive surface of the 
mask 122. 

The shutters 124c and 125c are moved in linkage 
with the exposure time control shutter 121 for control- 
ling the exposure time at each position of the mask 

20 122 and are controlled in such a way that only the sur- 
face of the mask 122 where X-rays are shut off by the 
exposure time control shutter 121 is selectively heat- .. 
ed by the infrared heaters 124 and 125. That is, non- 
uniform temperatures which are periodically general 

25 ed on the photosensitive surface of the mask 122 by 
the exposure time control shutter 121 are corrected 
by the shutters 124c and 125c of the infrared heaters 
124 and 125, respectively. 

Exposure was performed with the distance b - 

30 tween a mask and a wafer being set at 70 um, and usr 
ing a mask having a gold absorbing body formed on 
an X-ray transmission film of silicon nitride having a 
thickness of 2 jim. The pattern strain of the exposed 
wafer was 0.08 u.m. Next, when an experiment was 

35 performed under the same conditions as described 
above without using the means for controlling the 
temperature distribution of the mask, the pattern 
strain was 0.023 urn. 

(Fifth Embodiment) 

Fig. 9 illustrates the fifth embodiment A member 
to be illuminated of this embodiment is a demagnifn 
cation mirror of a soft X-ray reduction projection ex- 
posure apparatus. 

An excimer laser light beam 131 is condensed by 
a lens 132 and irradiated onto a target 133 made of 
a samarium (Sm) material, causing a laser plasma X- 
ray 134 to be generated from the target 133. The X- 
ray 134 passes through a silicon filter 135 and an 
aperture 136 and is irradiated onto a reflection type 
mask 137. Furthermore, the X-ray 134 reflected by 
the reflection type mask 137 is reflected by a demag- 
nification mirror 138, is passed through a shutter 
139a, and forms the image of the refl ction type 
mask 137 on a waf r 1 39. A holder 140 of the refl c- 
tion type mask 137 has a plurality of refrigerant flow 
passages 141 for cooling the reflection type mask 



(Fourth Embodiment) 40 

Fig. 8 is a schematic view illustrating the fourth 
embodiment In the same manner as in the third em- 
bodiment, the temperature distribution of a mirror of 
an X-ray exposure apparatus is controlled, and a de- 45 
crease in accuracy due to heat strain of a mask which 
is a member to be illuminated is prevented by using 
the same means as the means for controlling the tem- 
perature distribution on the reflection surface of the 
mirror. 50 

An X-ray enlarged by the same mirror (not 
shown) as in the third embodiment is passed through 
an opening of an exposure time control shutter 121 
and irradiated onto a mask 122 formed of an X-ray 
transmission film 122a and an X-ray absorbing body 55 
1 22b, thereby printing the mask pattern 1 22b on a re- 
sist 114a of a wafer 114. The mask 122 is supported 
by a mask support body 123. The temperature control 
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137. The demagnification mirror 138 is similarly 
cooled indirectly by a plurality of refrigerant flow pas- 
sages 143 of a mirror holder 142. 

The temperature distribution on the photosensi- 
tive surface of the demagnification mirror 138 is 
measured by a measuring means, such as an infrared 
camera 146. The measured value is corrected by a 
thermocouple 147 arranged adjacent to the photo- 
sensitive surface of the demagnification mirror 138. 
The heating means, such as a glow bar lamp 144, 
heats the photosensitive surface of the demagnifica- 
tion mirror 138. Heat radiated from the glow bar lamp 
144 is partially shut off or reduced by an aperture 145 
which is the same as that of the first embodiment, 
causing a predetermined temperature distribution to 
be generated on the photosensitive surface of the de- 
magnification mirror 138. 

The operation of this embodiment is as described 
below. 

First, the temperature distribution on the photo- 
sensitive surface of the demagnif ication mirror 138 in 
a thermally stable state of the demagnification mirror 
1 38 while the wafer 139 is being exposed is measured 
by the infrared camera 146 and the thermocouple 
147. The shift of a focus position due to the heat strain 
of the demagnification mirror 138 in this condition is 
measured. At the start of exposing the wafer 1 39, the 
aperture 145 is adjusted according to the measured 
temperature distribution on the photosensitive sur- 
face of the demagnification mirror 138, and the pos- 
ition of the wafer 139 is adjusted according to the shift 
of the focus position of the demagnification mirror 
138. It is confirmed thatthe photosensitive surface of 
the demagnification mirror 138 has reached a prede- 
termined temperature distribution by heating by the 
glow bar lamp 144, and thereafter exposure is initiat- 
d. 

Since the demagnification mirror 138 is in a sub- 
stantially thermally stable state at the start of expos- 
ure, standby time for thermal adjustment is hardly re- 
quired. In addition, since a positional shift of the focus 
due to the heat strain of the demagnification mirror 
138 is corrected, no blurring of a transfer pattern oc- 
curs. 

In this embodiment, the heating and cooling 
means can be used together by controlling the flow 
rate and temperature of a refrigerant in each of the 
flow passages 141 and 143. 

In the third and fourth embodiments, since a mir- 
ror and a mask, both of which are members to be il- 
luminated, are made of a silicon carbide (SiC) mate- 
rial, the photosensitive surface of the members to be 
illuminated can be effectively heated by using an in- 
frared lamp which emits infrared rays having a wave- 
length of 2 to 30 *im for an infrared heater. 

In the fifth embodiment, since a demagnification 
mirror, which is a member to be illuminated, is made 
of quartz, quartz having a low heat conduction coef- 



ficient can be effectively heated by using a glow bar 
lamp which emits infrared rays having a wavelength 
of or above 4 urn. 



An explanation will be given below about a meth- 
od for manufacturing semiconductor devices by using 
the exposure apparatus described above. 
10 Fig. 10 is a flowchart showing the sequence of 

the operation of manufacturing semiconductor devic- 
es (semiconductor chips, such as integrated circuits 
(ICs) or large scale integrated circuits (LSI circuits), 
liquid-crystal panels, or charge-coupled devices 
15 (CCDs)). Referring to the flowchart shown in Fig. 1 0, 
in step 1 (circuit design), circuits of semiconductor de- 
vices are designed. In step 2 (manufacture of masks), 
masks having designed circuit patterns formed there- 
on are manufactured. In step 3 (manufacture of wa- 
20 fers), wafers are manufactured by using materials, 
such as silicon. Step 4 (wafer process) is called a pre- 
step, whereby actual circuits are formed on wafers by 
lithography technology by using the masks and wa- 
fers produced as described above. The subsequent 
25 step 5 (fabrication) is called a post step, whereby 
semiconductors are formed into chips by using the 
wafers manufactured in step 4. This step includes an 
assembly step (dicing, bonding), a packaging step 
(enclosing chips), and the like. In step 6 (inspection), 
30 an inspection test for confirming the operations of 
semiconductor devices manufactured in step 5, or a 
durability test, is performed. Semiconductor devices 
are completed through the processes described 
above and shipped (step 7). 
35 Fig. 11 shows a detailed flowchart for the wafer 

process. In step 11 (oxidation), the surface of the wa- 
fer is oxidized. In step 12 (chemical vapor deposition 
(CVD)), an insulating film is formed on the surface of 
the wafer. In step 13 (electrode formation), electrodes 
40 are formed on the wafer by deposition. In step 14 (ion 
implantation), ions are implanted into the wafer. In 
step 15 (resist process), a photosensitizing agent is 
applied to the wafer. In step 16 (exposure), a circuit 
pattern of the mask is printed and exposed to the wa- 
45 fer by means of the exposure apparatus described 
above. In step 17 (development), the exposed wafer 
is developed. In step 1 8 (etching), portions other than 
the developed resist image are etched. In step 19 (re- 
sist peel-off), resists which become unnecessary af- 
50 ter etching is performed are removed. By performing 
these steps repeatedly, a circuit pattern is formed on 
the wafer in multilayered form. 

Highly-integrated semiconductor devices which 
are difficult to manufacture befor can be manufac- 
55 tured by the use of the manufacturing method of this 
embodiment 

Many different embodiments of the present in- 
vention may be constructed without departing from 
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the spirit and scope of the present invention. It should 

be understood that the present invention is not limited 

to the specific embodiments described in this speci- 
fication. To the contrary, the present invention is in- 
tended to cover various modifications and equivalent 5 
arrangements included within the spirit and scope of 
the claims. The following claims are to be accorded a 
broad interpretation, so as to encompass all possible 
modifications and equivalent structures and func- 
tions. 10 



Claims 

1. A method of stabilizing shapes of objects, com- is 
prising the steps of: 

measuring a temperature distribution of an 
object irradiated with radiation energy; and 

causing the temperature of a part of the 
object to be changed on the basis of the meas- 20 
urement to control the change of shape of the ob- 
ject 

2. A method of stabilizing shapes of objects, com- 
prising the step of: 25 

determining a temperature distribution of a 
mask in a thermally stable state; and 

controlling the temperature distribution of 
the mask being irradiated with radiation energy 
to be the same as the temperature distribution in 30 
the thermally stable state. 

3. An optical apparatus, comprising: 

an optical element; 

means for irradiating said optical element 35 
with radiation energy; 

measuring means for measuring the tem- 
perature distribution of the optical element; and 

temperature control means for changing 
the temperature of a part of said optical element 40 
on the basis of the measurement by said meas- 
uring means. 

4. An optical apparatus according to Claim 3, 
wherein said temperature control means com- 45 
prises a heater. 

5. An optical apparatus according to Claim 3, 
wherein said temperature control means com- 
prises a cooler. so 

6. An optical apparatus according to Claim 4, 
wherein said heater is disposed on a rear side of 
said irradiated optical element. 

55 

7. An optical apparatus according to Claim 4, 
wherein said heater is an infrared heater which ir- 
radiates infrared rays onto a surface of said irra- 



diated optical element 

8. An optical apparatus according to Claim 7, fur- 
ther comprising adjustment means including a 
member for absorbing infrared rays. 

9. An exposure apparatus, comprising: 

transfer means for exposing and transfer- 
ring an exposure pattern to an object to be ex- 
posed by irradiating exposure energy onto a 
mask having an exposure pattern formed there- 
on; 

measuring means for measuring the tem- 
perature distribution of the mask; and 

temperature control means for changing 
the temperature of part of the mask on the basis 
of the measurement by said measuring means. 

10. An exposure apparatus according to Claim 9, 
wherein the mask is a reflection type mask hav- 
ing an exposure pattern formed on the surface of 
a mirror. " 

11. An exposure apparatus according to Claim 9, 
wherein the exposure pattern includes a circuit 
pattern of a semiconductor device. 

12. A method of manufacturing semiconductor devic- 
es, comprising the steps of: 

preparing a reflection type mask having a 
circuit pattern formed thereon; 

measuring the temperature distribution f 
the mask; changing the temperature of a part of 
the mask on the basis of the measurement to ob- 
tain a substantially uniform temperature distribu- 
tion of the mask; and 

exposing and transferring a circuit pattern 
of the mask onto a wafer by irradiating the mask 
with exposure energy. 

13. A method of manufacturing semiconductor devic- 
es, comprising the steps of: 

preparing a reflection type mask having a 
circuit pattern formed thereon; 

determining a temperature distribution of 
the mask in a thermally stable state when the 
mask is being irradiated before the mask is irra- 
diated with exposure energy; and 

exposing and transferring a circuit pattern 
of the mask onto a wafer by irradiating the mask 
with exposure energy. 

14. Semiconductor devices manufactured by a man- 
ufacturing method comprising the steps of: 

preparing a reflection type mask having a 
circuit pattern formed thereon; 

measuring the temperature distribution of 
the mask; 
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changing the temperature of a part of the 
mask on the basis of the measurement to obtain 
a substantially uniform temperature distribution 
of the mask; and 

exposing and transferring a circuit pattern 
of the mask onto a wafer by irradiating the mask 
with exposure energy. 

15. Semiconductor devices manufactured by a man- 
ufacturing method comprising the steps of: 

preparing a reflection type mask having a 
circuit pattern formed thereon; 

determining a temperature distribution of 
the mask in a thermally stable state when the 
mask is being irradiated before the mask is irra- 
diated with exposure energy; and 

exposing and transferring a circuit pattern 
of the mask onto a wafer by irradiating the mask 
with exposure energy. 

1 6. A method of stablizing shapes of objects compris- 
ing measuring a temperature distribution of an 
object, such as an optical element (2), onto which 
readiation energy is irradiated, and changing the 
shape of the object in a controlled manner by 
varying the temperature of a part of the object on 
the basis of the measure temperature distribution 
to stabilize the shape of the object 



with radiation energy; 

measuring means for.measuring the tem- 
perature distribution of the optical element; and 

temperature control means for changing 
the temperature of a part or whole of said optical 
element on the basis of the measurement by said 
measuring means. 



10 



15 



17. A method as claimed in claim 16, characterised 30 
in that the shape of the object being irradiated is 
stabilized by causing the same temperature dis- 
tribution in the object when in the thermally sta- 
ble condition to be generated in the object while 

it is being irradiated. 35 

18. A method of stabilizing shapes of objects, com- 
prising the steps of. 

measuring a temperature distribution of an 
object irradiated with radiation energy; and 40 

causing the temperature of a part or whole 
of the object to be changed on the basis of the 
measurement to control the change of shape of 
the object. 

45 

1 9. A method of stabilizing shapes of a mask used in 
the manufacture of semiconductors, comprising 

the step of: 

determining a temperature distribution of 
the mask in a thermally stable state; and so 

controlling the temperature distribution of 
part or whole of the mask being irradiated with ra- 
diation energy to be the same as the temperature 
distribution in the thermally stable state. 

55 

20. An optical apparatus, comprising: 

an optical element; 

means for irradiating said optical element 
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